A robust inverse association between the level of high-density lipoprotein (HDL) cholesterol and the risk of cardiovascular disease has fostered intensive research seeking to target HDL metabolism for therapeutic gain. 1, 2 However, some findings have called into question the hypothesis that pharmacologic increases in HDL cholesterol levels are necessarily beneficial. Several therapies, including nicotinic acid and fibric acid derivatives, increase HDL cholesterol levels, but linking these increases to clinical risk reduction has proved challenging. 3, 4 Most strikingly, an inhibitor of cholesteryl ester transfer protein (CETP) was associated with an increase in the number of cardiovascular events, despite a 72% increase in HDL cholesterol levels. 5 Finally, neither rare nor common genetic variants associated with HDL cholesterol levels have been strongly linked to coronary disease. [6] [7] [8] [9] The static measurement of HDL cholesterol levels has inherent limitations as a metric of the functional effects of HDL in vivo. Reports of marked heterogeneity in the particle composition and biologic properties of HDL have reinforced a need for validated assays of HDL function. 10 HDL-mediated atheroprotection is most likely pleiotropic in nature, but the ability of HDL to promote reverse cholesterol transport by accepting cholesterol from lipid-laden macrophages (termed "cholesterol efflux capacity") is thought to play a key role. 11, 12 We hypothesized that cholesterol efflux capacity is a determinant of atherosclerotic burden that is independent of the HDL cholesterol level. This study was designed to explore the pairwise relationships of efflux capacity with the level of HDL cholesterol and two measures of atherosclerosis -carotid artery intima-media thickness and angiographically confirmed coronary artery disease.
Me thods

Study Design
We tested our hypotheses in two independent populations, both enrolled at the University of Pennsylvania Medical Center. The first cohort consisted of 203 healthy white subjects recruited to explore the relationship between HDL-related biomarkers and subclinical atherosclerosis, as assessed by carotid intima-media thickness. Race was selfdetermined. Exclusion criteria were a history of coronary artery disease, current smoking, and diabetes. Details of the measurements of carotid intima-media thickness are provided in the Supplementary Appendix, available with the full text of this article at NEJM.org.
The second population consisted of persons selected from a previously described cohort of patients who were undergoing cardiac catheterization. 13, 14 A case-control sample was selected that involved 793 white patients (442 case patients and 351 control patients; race was self-determined). Patients were excluded if catheterization was performed during an acute coronary syndrome. Patients with luminal stenosis of more than 50% in a major coronary vessel were classified as having coronary artery disease; control patients had no evidence of coronary disease at the time of angiography and no history of myocardial infarction.
The assay was also performed on available samples from patients enrolled in two previously reported pharmacologic-intervention trials. The first analysis included 39 patients from a trial involving 60 persons with the metabolic syndrome who had been randomly assigned to 12 weeks of treatment with either pioglitazone or placebo. 15 The second analysis included 99 patients from a trial involving 120 persons with hyperlipidemia who had been randomly assigned to 16 weeks of therapy with 40 mg of pravastatin, 10 mg of atorvastatin, 80 mg of atorvastatin, or placebo. 16 
Assessment of Cholesterol Efflux Capacity
Cholesterol efflux capacity was quantified in blood samples from the cohort of healthy volunteers as described previously. 17 This assay quantifies total efflux mediated by pathways of known relevance in cholesterol efflux from macrophages (i.e., ATPbinding cassette transporter A1 [ABCA1] and G1 [ABCG1], scavenger receptor B1, and aqueous diffusion). 17 Each sample was run in triplicate, with a mean coefficient of variation of 4.3%. Values were normalized by dividing the efflux capacity of individual patients by the efflux capacity of a serum pool run with each assay.
Cholesterol efflux capacity in the coronary disease and pharmacologic-study cohorts was quantified with the use of a slightly modified method designed to increase throughput. J774 cells, derived from a murine macrophage cell line, were plated and radiolabeled with 2 μCi of 3 H-cholesterol per milliliter. ABCA1 was up-regulated by means of a 6-hour incubation with 0.3 mM 8-(4-chlorophenylthio)-cyclic AMP. Subsequently, efflux mediums containing 2.8% apolipoprotein B-depleted serum were added for 4 hours. All steps were performed in the presence of the acylcoenzyme A:cholesterol acyltransferase inhibitor CP113,818 (2 μg per milliliter). In a pilot study involving serum samples from 20 healthy volunteers, results from the original assay procedure 17 and the modified method were strongly correlated (r = 0.85).
Liquid scintillation counting was used to quantify the efflux of radioactive cholesterol from the cells. The quantity of radioactive cholesterol incorporated into cellular lipids was calculated by means of isopropanol extraction of control wells not exposed to patient serum. Percent efflux was calculated by the following formula: [(microcuries of 3 H-cholesterol in mediums containing 2.8% apolipoprotein B-depleted serum − microcuries of 3 H-cholesterol in serum-free mediums) ÷ microcuries of 3 H-cholesterol in cells extracted before the efflux step] × 100. All assays were performed in duplicate. To correct for interassay vari ation across plates, a pooled serum control from five healthy volunteers was included on each plate, and values for serum samples from patients were normalized to this pooled value in subsequent analyses. Additional studies that were performed to validate the measurement of cholesterol efflux capacity are described in the Supplementary Appendix.
Statistical Analysis
Categorical variables are presented as frequencies and percentages, and continuous variables as means and standard deviations, or medians and interquartile ranges for variables with skewed distributions. The association of efflux capacity with clinical and HDL-related variables was assessed with the use of Pearson's correlation coefficients, with partial correlation coefficients after adjustment for HDL cholesterol level also reported.
Linear regression was used to characterize the relationship between efflux capacity and carotid intima-media thickness. Age, sex, systolic blood pressure, and levels of glycated hemoglobin, lowdensity lipoprotein (LDL) cholesterol, HDL cholesterol, and apolipoprotein A-I were included as covariates. Beta coefficients are reported for a 1-SD increase for continuous variables.
Logistic regression was used to estimate the association between cholesterol efflux capacity and coronary artery disease status after adjustment for age, sex, smoking status, presence or absence of diabetes, presence or absence of hypertension, and LDL cholesterol level. HDL cholesterol and apolipoprotein A-I levels were added in subsequent models. Adjusted odds ratios are reported both for a 1-SD increase in efflux capacity and across quartiles. Model performance was assessed according to discrimination, by means of the area under the receiver-operating-characteristic curve (AUC); calibration, as indicated by the HosmerLemeshow goodness-of-fit statistic; and predictive accuracy, as described by integrated-discrimination-improvement indexes. 18 Paired t-tests were used to assess the effect of pharmacologic interventions on efflux capacity. These changes were compared with placebo with the use of analysis of covariance, which included the patient's baseline value and the treatment group as covariates.
All reported P values are two-tailed, with a P value of 0.05 indicating statistical significance. Analyses were performed with the use of Stata software, version 9.0 (Stata), JMP software, version 8.0 (SAS Institute), or R software, version 2.10 (R Development Core Team).
R e sult s
Association of Cholesterol Efflux Capacity with Subclinical Atherosclerosis
The characteristics of the 203 healthy volunteers are shown in Table 1 ; 33% of the cohort members reported that they had previously smoked. Mean values for systolic blood pressure and glycated hemoglobin were 124 mm Hg and 5.5%, respectively. The mean values for cholesterol efflux capacity were 11% (range, 5 to 23) before normalization and 0.77 (range, 0.36 to 1.68) after normalization. Scatterplot analyses showed significant correlations between cholesterol efflux capacity and the levels of both HDL cholesterol (r = 0.58) and apolipoprotein A-I (r = 0.63) (see Fig.  4 in the Supplementary Appendix).
The mean carotid intima-media thickness was 0.66±0.13 mm. Age, systolic blood pressure, and glycated hemoglobin level were each associated with increased carotid intima-media thickness in bivariate analyses (P<0.05 for each comparison). No significant relationship between HDL cholesterol level and carotid intima-media thickness was noted in either unadjusted or adjusted models (P = 0.37 and P = 0.73, respectively). In con- trast, a significant inverse relationship between cholesterol efflux capacity and carotid intimamedia thickness was observed that was robust with additional adjustment for the HDL cholesterol or apolipoprotein A-I level ( Table 2) .
Association of Cholesterol Efflux Capacity with Coronary Artery Disease
The characteristics of the case-control cohort are provided in Table 1 . Distributions of cholesterol efflux capacity among the case patients and control patients are shown in Figure 5 in the Supplementary Appendix.
As compared with control patients, patients with coronary artery disease had significantly lower levels of not only HDL cholesterol and apolipoprotein A-I (P<0.001 for each comparison) but also normalized cholesterol efflux capacity (mean value for case patients, 0.82; mean value for control patients, 0.90; P<0.001). The HDL cholesterol level was the strongest predictor of efflux capacity (P<0.001) but accounted for only 26% of the observed variation. Male sex and current smoking were associated with decreased efflux capacity (P<0.001 and P = 0.003, respectively). Subsequent adjustment for HDL cholesterol largely attenuated the relationship between sex and efflux capacity (P = 0.14), although smoking remained a significant inverse predictor of efflux capacity (P = 0.004).
The proportion of patients with coronary disease decreased consistently with increases in cholesterol efflux capacity. In a logistic-regression analysis adjusted for age, sex, and traditional car- Division of the cohort into quartiles according to efflux capacity provided additional evidence of an inverse association between efflux capacity and coronary artery disease (Table 3) . In an analysis adjusted for age and sex, the quartile of highest efflux capacity was associated with a decreased risk of coronary disease, as compared with the quartile of lowest efflux capacity (odds ratio, 0.38; 95% CI, 0.25 to 0.58; P<0.001). This result remained significant after adjustment for traditional cardiovascular risk factors, including the level of HDL cholesterol or apolipoprotein A-I (Table 3) .
Several known cardiovascular risk factors were associated with coronary disease in logisticregression models adjusted for age and sex. Diabetes and hypertension were each linked to an increased risk of coronary artery disease, whereas the HDL cholesterol level was inversely associated with the risk of coronary disease (odds ratio per 1-SD increase in the HDL cholesterol level, 0.71; 95% CI, 0.60 to 0.84; P<0.001). Each of the known risk factors, in addition to efflux capacity, was combined in a single logistic-regression analysis, as shown in Figure 1 . In this model, which included the HDL cholesterol level, efflux capacity remained a highly significant predictor of disease status (P = 0.002).
The inclusion of cholesterol efflux capacity resulted in moderate improvement of the overall performance of the logistic-regression model. The AUC increased from 0.705 to 0.722 (P = 0.04) when efflux capacity was added to known cardiovascular risk factors. When the HDL cholesterol level was included in the baseline model, the increase in the AUC (from 0.714 to 0.723) was no longer significant (P = 0.19). The addition of efflux capacity did not reduce model discrimination as assessed by goodness-of-fit statistics. Integrateddiscrimination-improvement indexes were 0.022 when efflux capacity was added to a model that contained traditional risk factors and 0.011 when efflux capacity was added to a baseline model that also included HDL cholesterol levels; these changes were not significant.
HDL-Related Predictors of Cholesterol Efflux Capacity
Additional phenotyping revealed that several HDLassociated variables, including levels of total phospholipids, apolipoprotein A-I, apolipoprotein A-II, and apolipoprotein E, were each significantly associated with cholesterol efflux capacity. These relationships were attenuated after adjustment for the HDL cholesterol level but remained significant in both cohorts ( Table 1 in the Supplementary Appendix).
Effect of Pharmacologic Interventions on Cholesterol Efflux Capacity
Treatment with pioglitazone for 12 weeks resulted in a significant increase in efflux capacity, as compared with the baseline value and with the change observed in the placebo group (Table 4) . In contrast, no significant change was seen in patients who were treated with statins for 16 weeks.
Although both treatments were associated with small increases in the level of HDL cholesterol, no significant association was noted between a change in the HDL cholesterol level and a change in the cholesterol efflux capacity (r = 0.22 and P = 0.18 for the pioglitazone study, and r = 0.16 and P = 0.11 for the statin study).
Discussion
In this study, we found that the ability of HDL to promote cholesterol efflux from macrophages was strongly and inversely associated with both subclinical atherosclerosis and obstructive coronary artery disease. These associations persisted after adjustment for traditional cardiovascular risk factors, including the levels of HDL cholesterol and apolipoprotein A-I. Although cholesterol efflux from macrophages represents only a small fraction of overall flux through the reverse-cholesterol-transport pathway, it is probably the component that is most relevant to atheroprotection. 19 We used an assay that integrates the pathways known to mediate cholesterol efflux from macrophages (i.e., ABCA1, ABCG1, scavenger receptor B1, and aqueous diffusion). Only a small part of the observed relationship between cholesterol efflux capacity and atherosclerosis was explained by variation in HDL cholesterol levels. Indeed, efflux capacity served as the stronger predictor of both carotid intimamedia thickness and coronary disease status in regression models that included both variables.
Small studies conducted with the use of a rat hepatoma cell line have shown decreased efflux capacity of whole serum or plasma in patients with coronary disease, diabetes, or diabetic nephropathy. [20] [21] [22] Similarly, an autopsy study of nonhuman primates showed an inverse correlation between atherosclerotic burden and efflux capacity. 23 In contrast, analyses that used human skin fibroblasts as the cholesterol source showed no significant differences according to the presence or absence of diabetes 24 or the presence or absence of the metabolic syndrome. 25 An analysis of patients undergoing coronary angiography also showed no significant variation in efflux capacity from fibroblasts according to disease status, disease severity, or risk of future events. 26 In contrast with our findings, those studies have shown no relationship or only minimal relation- ship between whole-serum efflux capacity and the level of HDL cholesterol or apolipoprotein A-I. These discrepancies may reflect the nature of the cell line and the acceptor chosen for the ex vivo assessment of cholesterol efflux capacity. In this study, our goal was to assess the capacity of the whole HDL fraction to promote cholesterol efflux from macrophages. A substantial body of evidence suggests that cholesterol efflux capacity, an integrated measure of HDL quantity and quality, is reflective of the role of HDL in atheroprotection. Cholesterol efflux has been shown to protect macrophages from LDL-induced apoptosis and to enhance endothelial function. [27] [28] [29] In vivo studies in mice have indicated that ABCA1 and ABCG1 play a key role in facilitating cholesterol efflux and reverse cholesterol transport. 30 Mice that are deficient in these proteins have marked increases in foam-cell accumulation and atherosclerosis, providing compelling evidence that the macrophage efflux pathway is antiatherogenic in vivo. 31, 32 Similarly, a study of patients with rare ABCA1 mutations showed an inverse relationship between cellular cholesterol efflux and carotid intima-media thickness. 33 Given the substantial heterogeneity in the particle size, charge, and protein composition of HDL, it may not be surprising that HDL cholesterol levels are a poor surrogate for cholesterol efflux capacity. A recent report suggests that interindividual differences in the pre-β (lipid-poor) apolipoprotein A-I particle concentration explain some of the observed variation. 17 In the present study, associations between multiple lipid-related variables and efflux capacity remained significant after adjustment for the HDL cholesterol level. These findings are consistent with previous analyses that implicate HDL-associated apolipoprotein E and phospholipids as mediators of cholesterol efflux. 34, 35 The attenuated efflux capacity noted in smokers is worthy of additional followup and may be related to apolipoprotein A-I oxidation. 36 Future studies may prove fruitful in elucidating additional components of HDL that determine cholesterol efflux capacity.
These results could be important in the assessment of new therapies targeting HDL metabolism and reverse cholesterol transport. We have shown the feasibility of this approach in blood samples from two previously reported, small, placebo-controlled trials. The moderate relationships noted between changes in HDL cholesterol levels and changes in efflux capacity reinforce the idea that these two metrics provide complementary information. We noted increased efflux capacity after therapy with pioglitazone, a phenomenon that could be related to enhanced transcription of apolipoprotein A-I. 37 In contrast, no such increase was noted after patients had been treated with statins, a finding that is consistent with the concept that statins most likely exert therapeutic benefit by means of a mechanism that is distinct from the promotion of cholesterol efflux. Our demonstration that cholesterol efflux capacity is associated with atherosclerosis in humans helps support the use of this measure in guiding the development of new HDL-targeted therapies for humans. One limitation of this study is its cross-sectional approach. Another limitation is that although our assessment of cholesterol efflux capacity reflects the ability to mobilize free cholesterol from macrophages, it does not capture variation in the reverse-cholesterol-transport pathway in terms of cellular components (i.e., the hydrolysis of cholesteryl esters and the status of endogenous macrophage cholesterol transporters) or terminal components (i.e., uptake into the liver and biliary excretion). 38 In conclusion, cholesterol efflux capacity, a key metric of HDL function, is not explained simply by circulating levels of HDL cholesterol or apolipoprotein A-I and is independently related to both the presence and the extent of atherosclerosis. These findings reinforce the concept that assessment of HDL function may prove informative in refining our understanding of HDL-mediated atheroprotection.
